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ABSTRACT OF THE DISSERTATION 
 
 
Nutrient enrichment promotes eutrophication in the form of macroalgal blooms causing 
cascading effects in two anthropogenically disturbed coastal ecosystems 
 
 
by 
Tiara Nydia Moore 
Doctor of Philosophy in Biology 
University of California, Los Angeles, 2019 
Professor Peggy Marie Fong, Chair 
 
 Humans are impacting almost every major ecological process that structures communities 
and ecosystems. Examples of how human activity can directly control key processes in 
ecosystems include destruction of habitat changing trophic structure, nutrient pollution altering 
competitive outcomes, overharvesting of consumers reducing top down control, and now climate 
change impacting virtually every global biogeochemical cycle. These human impacts may have 
an independent effect on the ecosystem, but they also have the potential to cause cascading 
effects and promote subsequent stressors. Also, these impacts are not limited to a particular 
system or geographic location making research on their overall effects vital for management 
practices. For example, tropical reefs have been transitioning from coral to mixed communities 
dominated by macroalgae, motivating research on how macroalgae respond to anthropogenic 
stressors and interact with each other during these stressful events. Further, while eutrophication 
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of coastal estuaries due to increased anthropogenic supplies of nutrients has been of critical 
global concern for decades, the potential for eutrophication to drive new stressors is a growing 
concern. To address these knowledge gaps, I investigated how human stressors impact two 
different and major coastal ecosystems known to be vulnerable to anthropogenic disturbances.    
In chapter 1, I demonstrate that anthropogenic stressors in the form of increased nutrients 
in the water and sediments have strong impacts on interspecific interactions of coral reef 
macroalgae. Abiotic stressors such as nutrients have been linked to phase-shifts from coral to 
algal domination on tropical reefs. However, few studies have considered how these stressors 
impact changes in the biotic and abiotic constituents of dominant species of calcifying 
macroalgae, and how this may be mediated by species-species interactions. I conducted 4 
mesocosm experiments to examine whether different nutrient sources (water column vs. 
terrestrial sediment) as well as species interactions (alone vs. mixed species) affected total mass 
(biomass + calcium carbonate (CaCO3)) of two common calcifying macroalgae (Padina boryana 
and Galaxaura fasciculata). P. boryana gained total mass with increased water column nutrients 
but declined with increased nutrients supplied by the sediment. Conversely, G. fasciculata 
gained total mass with increased nutrients in the sediment but declined with increased water 
column nutrients. In both interactions, the “winner” (i.e., G. fasciculata in the sediment 
experiment) also had a greater % of thallus mass comprised of CaCO3, potentially due to the 
subsequent decomposition of the “loser” as this result was not found in the alone treatments. 
These findings ultimately suggest that nutrient stressors can cause cascading effects, such as 
promoting calcification and biomass growth or loss in these macroalgal communities, and the 
potential for domination or decline is based on the nutrient source and community composition. 
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In chapter 2, I demonstrate that decomposition of macroalgal blooms cause a sequence of 
biogeochemical processes that can drive acidification in shallow coastal estuaries, and that these 
processes are mediated by a dynamic microbial community. Eutrophication and ocean 
acidification are both widely acknowledged as major human-induced stressors in marine 
environments. While the link between eutrophication and acidification has been established for 
phytoplankton, it is unclear whether eutrophication in the form of macroalgal blooms can cause 
cascading effects like acidification in shallow eutrophic estuaries. I conducted seasonal field 
surveys and assessed microbial communities and functional genes to evaluate changes in biotic 
and abiotic characteristics between seasons that may be associated with acidification in Upper 
Newport Bay, CA, USA. Acidification, measured as a drop in pH of 0.7, occurred in summer at 
the site with the most macroalgal cover. Microbial community composition and functional gene 
expression provide evidence that decomposition processes contributed to acidification, and also 
suggest that other biogeochemical processes like nitrification and degradation of polyphosphate 
also contributed to acidification. To my knowledge, my findings represent the first field evidence 
that eutrophication of shallow coastal estuaries dominated by green macroalgal blooms can 
cascade to acidification. 
In chapter 3, I demonstrate that macroalgal blooms in shallow estuaries are strong drivers 
of key microbially-mediated biogeochemical processes that can cause cascading effects, such as 
acidification and nutrient fluxing, regardless of simulated tidal flushing. Estuaries are productive 
and diverse ecosystems and are vulnerable to eutrophication from increased anthropogenic 
nutrients. While it is known that enhanced tidal flushing can reduce adverse effects of 
anthropogenic disturbances in larger, deeper estuarine ecosystems, this is unexplored for 
eutrophication in shallow coastal estuaries where macroalgae usually dominate. I simulated 
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eutrophication as a macroalgal bloom in a mesocosm experiment, varied tidal flushing (flushed 
daily vs unflushed), and assessed the effects on water column and sediment biogeochemical 
processes and the sediment microbial community. While flushing did not ameliorate the negative 
effects of the macroalgal bloom, it caused transient differences in the rate of change in 
biogeochemical processes and promoted increased fluxes of nutrients from the sediment. In the 
beginning, the macroalgal bloom induced basification and increased total alkalinity, but during 
decomposition, acidification and the accumulation of nutrients in the sediment and water column 
occurred. The findings from this chapter ultimately suggest that macroalgal blooms have the 
potential to be the cause of, yet may also offer a partial solution to, global ecological changes to 
biogeochemical processes.  
Overall, my results indicate that anthropogenic disturbances, particularly in the form of 
increased nutrients, can cause cascading effects like macroalgal blooms that in turn cause 
acidification, basification, increased interspecific interactions, nutrient depletion, and nutrient 
fluxing in multiple ecosystems. These data advance our current understanding of the ecological 
consequences of eutrophication in the form of macroalgal blooms in different ecosystems. It also 
provides mechanistic links to microbial communities and biogeochemical processes not 
previously identified for shallow coastal estuaries. As human population and subsequent nutrient 
pollution increases in watersheds globally, ecological phenomenon such as eutrophication will 
only be intensified, and macroalgal communities will continue to dominate. Consequently, this 
dominance, especially during decomposition as shown here, can drive a multitude of subsequent 
stressors that can impact the entire ecosystem. 
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CHAPTER 1: 
Anthropogenic stressors and interspecific interactions alter biotic and abiotic constituents 
of calcifying coral reef macroalgae 
 
ABSTRACT 
 Abiotic stressors such as nutrients, which may be supplied to the water column or via 
sedimentation, have been linked to phase-shifts from coral to algal domination on tropical reefs. 
However, few studies have considered how these stressors impact changes in the biotic and 
abiotic constituents of dominant species of calcifying macroalgae, and how this may be mediated 
by species-species interactions. We conducted 4 mesocosm experiments to identify if different 
nutrient sources (water column vs. terrestrial sediment) as well as species interactions (alone vs. 
mixed species) affected total mass (biomass + calcium carbonate (CaCO3)) of two common reef 
calcifying macroalgae (Padina boryana and Galaxaura fasciculata). P. boryana gained total 
mass with increased water column nutrients but declined with increased nutrients supplied by the 
sediment. Conversely, G. fasciculata gained total mass with increased nutrients in the sediment 
but declined with increased water column nutrients. In both of these interactions, the “winner” 
(i.e., G. fasciculata in the sediment experiment) also had a greater % of thallus mass comprised 
of CaCO3. This increase may be due to the subsequent dissolution of P. boryana, as it was not 
found in the alone treatments, suggesting nutrient stressors can cause cascading effects in these 
macroalgal communities. Our findings indicate that anthropogenic stressors in the form of 
increased nutrients in the water and sediments have strong impacts on macroalgal interspecific 
interactions, with potential for domination or decline based on the nutrient source and 
community composition. 
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INTRODUCTION 
Tropical reefs have been transitioning from coral to mixed communities dominated by 
macroalgae (Sangil & Guzman 2016, Cheal et al 2010, Fong & Paul 2011), motivating research 
on how macroalgae respond to anthropogenic stressors and interact with each other during these 
stressful events. Macroalgae provide essential ecosystem services such as primary productivity, 
nutrient cycling, sediment accretion, and carbon (C) storage (Duarte & Cebrián 1996, Smale et 
al. 2013). In addition, some macroalgae, due to their calcium carbonate (CaCO3) structure, also 
contribute to the production of CaCO3 sediment and the accretion of coral reefs (Chisholm 2003, 
Delgado & Lapointe 1994). Carbonate (CO3
2-) precipitation is a major C sink (Renforth et al. 
2009) and calcifying macroalgae are important players in global C sequestration (Krause-Jensen 
& Duarte 2016). However, as their growth combines both biotic and abiotic processes, predicting 
how increasing anthropogenic impacts will affect these vital organisms is quite challenging.  
Increased nutrient loading due to watershed development is a major anthropogenic 
stressor to marine systems (Valiela et al. 1997, Conley et al. 2000, Wallace et al. 2014). These 
excess nutrients, particularly nitrogen (N) and phosphorus (P), increase primary productivity and 
can lead to a buildup of organic matter (i.e. eutrophication) in the form of algal blooms (Nixon 
1995, Diaz 2001). It is well-documented that macroalgal blooms have increased in temperate 
marine systems subjected to anthropogenic nutrient inputs (e.g. Kennison et al. 2011, Peckol & 
Rivers 1995, Raven & Taylor 2003). Conversely, in tropical systems, studies linking nutrient 
enrichment to macroalgae have mixed results, with some studies showing macroalgal 
proliferation while others have no or adverse effects of nutrients (Hughes et al. 2003, Clausing et 
al. 2016, Lapointe et al. 2004, Smith et al. 2010, Rasher et al. 2012). As tropical reefs tend to be 
nutrient limited (Odum & Odum 1955), nutrient enrichment may affect how these algae allocate 
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energy between uptake and growth (see Fong & Paul 2011) potentially driving these mixed 
results. In addition, calcifying macroalgae must also allocate energy for calcification, further 
complicating interpretation of the relationship between anthropogenic nutrient enrichment and 
growth.    
Increasing terrestrial sedimentation due to watershed development contributes another 
anthropogenic stressor to marine systems generally, and tropical reefs, in particular (De’ath & 
Fabricius 2010, reviewed in Bainbridge et al. 2018). For example, terrigenous material 
comprised ~65% of material from sediment traps in a study measuring sedimentation to 
nearshore waters in the Virgin Islands (Pait et al. 2018). This increased sedimentation can have 
both positive and negative effects on macroalgae as sediments can carry nutrients (Weber et al 
2006) and reduce grazing (Kawamata et al. 2011), promoting algal growth. However, sediments 
can also block light (Airoldi 2003), reducing algal growth.  
In temperate systems, increased sediment loads generally cause negative effects on 
macroalgae by limiting nutrient and gas exchange (reviewed in Airoldi 2003, Kawamata et al. 
2012). Again, the few studies that address sedimentation effects on macroalgal growth have 
mixed results in the tropics, ranging from positive benefits (Schaffelke 1999), to no effects 
(Johnson et al 2018), to negative impacts (Umar et al. 1998). Moreover, responses can be species 
specific, with sediments being required for growth of one macroalgal species, but not affecting 
growth for the other species (Clausing et al. 2016). Additionally, this study showed that 
sediments provided the same benefit to growth as nutrient additions to the water column, 
suggesting the alga can utilize sediment nutrients for growth. Building on Clausing et al. (2016), 
we measured the effects of nutrients and sediments on algal growth, but also examined these 
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effects in mixed communities and assessed these effects on both the biotic and abiotic (CaCO3) 
constituents of the algal thallus. 
Interspecific interactions may also affect the response of macroalgae to changing 
environmental conditions. Theory predicts that interspecific interactions such as competition 
should be strong within algal communities as species share multiple resources such as light, 
nutrients, and space (Connell 1983). Under the stress gradient hypothesis, however, competition 
can transition to facilitation in communities impacted by multiple stressors (Bertness and 
Callaway 1994). As stressors increase due to human impacts, it is possible that algal interactions 
will be altered as well, e.g., moving from competition to facilitation. 
 Although some studies have observed outcomes of competitive interactions between 
macroalgae (Young & Gobler 2017, Bennet et al. 2015), few have considered how outcomes 
may change with fluctuating environmental factors such as nutrients or sedimentation (Hofmann 
et al. 2015, Fong & Fong 2018). However, when measuring increased nutrients and CO2 effects 
on a calcifying macroalgal species and its noncalcifying epiphyte, Hofmann et al. (2015) found 
that the epiphyte growth increased, while the calcifying macroalga’s growth declined. Another 
study with two competing macroalgae exposed to elevated CO2 found increased growth when 
alone, but when together growth of one species declined (Young & Gobler 2017). In these 
interactions, we can clearly identify the species with increased growth as the “winner” and the 
declining species as the “loser”, but we don’t know the effects the “losers” may have on the 
“winner.” As multiple stressors continue to impact macroalgal-dominated tropical reef 
communities, species interactions and the potential for cascading effects warrants further 
investigation.  
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  In this study we examine whether different nutrient sources (water column vs. terrestrial 
sediment) as well as species interactions (alone vs. mixed communities) have unique effects on 
calcifying macroalgal species total mass (abiotic + biotic). We hypothesized that nutrient 
enrichment would facilitate increased growth while increased sedimentation would hinder 
growth, and these effects may be influenced by interspecific interactions. 
 
MATERIALS & METHODS  
To accomplish these objectives, we conducted 4 mesocosm experiments assessing the 
main and interactive effects of different sources of nutrients (water column vs. terrestrial 
sediment) as well as interspecific interactions on change in mass of two species of calcifying 
macroalgae commonly found on coral reefs. In the first two mesocosms (one for each of the 2 
species), we evaluated the impacts of increased nutrient loading to the water column (+/- 
enriched water column) and the presence of a potential interacting species (+/- interspecific 
interactions) on growth of the two macroalgae. The enriched water treatment simulated increased 
nutrient inputs to the water column due to runoff. To partition out the responses of calcifying 
algae between biomass and calcified portions of the algal thalli, our response variables were both 
total mass and the CaCO3 component. In the second two experiments (one for each species) we 
evaluated the role of nutrient-enriched sedimentation (+/- enriched sediments on algal thali) and 
interspecific interactions (+/-). The enriched sediment treatment simulated terrestrial sediments 
entering the bay due to watershed development and settling on the algal thalli.  
Study species and rationale 
 We conducted experiments during the dry season, in June and July of 2015, in Mo’orea, 
French Polynesia at the Gump South Pacific Research Station at the mouth of Cook’s Bay 
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(17.4905° S, 149.8264° W). For all experiments, two common species of calcifying coral reef 
macroalgae were used: Galaxaura fasciculata (hereafter, Galaxaura) and Padina boryana 
(hereafter, Padina). These species can dominate shallow portions of fringing reefs of Mo’orea  
(Fong & Fong 2014) and can dominate some reef zones of the Great Barrier Reef (Fox & 
Bellwood 2007). Galaxaura is a branching red calcareous macroalga that can switch rapidly 
from being nutrient limited to replete depending on environmental conditions (Clausing & Fong 
2016) and is generally unpalatable to herbivores (Mantyka & Bellwood 2007), possibly due to its 
CaCO3 structure. While Padina is the only genus of brown macroalgae that calcifies, it is 
relatively palatable, and switches between N & P limitation depending on nutrient supplies 
(Clausing & Fong 2016, Fong & Fong 2014). In the rainy season (Dec-March), terrestrial 
sediment and nutrients are introduced to the bays of the north shore of Mo’orea via run off of 
storm water from developed watersheds (Adjeroud & Salvat 1996, Clausing & Fong 2016). 
During the dry season, there is wind-driven resuspension and deposition of sediments onto algal 
thalli on fringing reefs within Cook’s Bay (personal observation).  
Enriched water column mesocosm   
For the two 2-factor fully-crossed experiments varying nutrient concentration of the 
water column (ambient/enriched) and interaction with a second species (alone/together), we 
collected algae and seawater from a fringing reef in Cook’s Bay, Mo’orea in July 2015. Algae 
were cleaned of debris, placed in nylon mesh bags, and spun in a salad spinner for 30 seconds to 
remove excess water and attain a standardized initial wet weight. Experimental units were 300 
mL jars filled with 275 mL of either enriched or ambient sea water and either 2 g of algae for the 
alone treatment or 1 g of each algal species for the together treatment (Fong & Fong 2014). To 
enrich the seawater, we added inorganic nutrients to half of the collected seawater to enrich it by 
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20 µM NO3 and 2 µM PO4; the other half was left at ambient seawater concentrations (as in 
Fong & Fong 2014). Each of the 4 treatment combinations was replicated 10 times and randomly 
placed in a flow-through outdoor water table for the duration of the experiment. Units were re-
randomized daily to equalize any light variation within the water table, and water was changed in 
all units on the fourth day of the experiment to relieve potential nutrient limitation within the 
mesocosms.  
After 7 days, algae were reweighed (as above) and % change in total algal mass from 
initial calculated. Subsamples from experimental units were taken to quantify the CaCO3 content 
of each algal thalli using an acid washing method. We dried subsamples at 60 oC until constant 
weight and then placed them in a 10% hydrochloric acid bath. We replaced acid until samples 
stopped bubbling, indicating CaCO3 was fully dissolved, then redried and reweighed each 
sample. To determine % CaCO3, we subtracted the final decalcified dry weight from the initial 
dry weight, divided by the initial subsample dry weight and multiplied by 100. As data met the 
assumptions of parametric statistics, 2-factor ANOVA’s were conducted in RStudio v. 3.5.1 to 
test for main and interactive effects for both % change in total mass and % CaCO3 for each 
species separately.   
Enriched sediment mesocosm 
 In the second set of 2-factor fully-crossed experiments, we varied nutrient content of 
sediments (ambient/enriched) and the presence of a second species (alone/together). To model 
terrestrial inputs of sediments that can settle on algae in the bay, we collected sediment from the 
head of the bay where a major river enters. The algae and seawater were collected from the same 
fringing reef as described above. To enrich the sediment, we added 20 g of slow release fertilizer 
(Osmocote) to 1 liter of collected sediment 48 hours prior to the start of the experiment while the 
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other half was left as collected for the ambient treatment. The 300 mL experimental units were 
then filled with 275 mL of seawater, 2 grams of algae (Padina, Galaxaura, or together), and the 
algal thalli in each unit was sprinkled with either ~3.75 mL (by volume) (Clausing et al. 2016) of 
enriched or ambient sediment. Units were randomly placed in an outside water bath for the 
duration of the experiment, location re-randomized daily, and after 7 days the experiment was 
completed as above. As data met the assumptions of parametric statistics, 2-factor ANOVA’s 
were conducted in RStudio v. 3.5.1 to test for main and interactive effects for both % change in 
total mass and % CaCO3 for each species separately.   
 
RESULTS  
Enriched water column mesocosm 
Overall Padina gained total mass (biomass + CaCO3) in all treatments (Figure 1.1a). 
There was a positive effect of enhanced water column nutrients on growth of Padina that only 
occurred when Padina was grown alone, resulting in a significant interaction (2-factor ANOVA, 
p = 0.047 for the interaction). When grown alone and enriched, growth of Padina was ~ 2.5-
times higher than in the other 3 treatments. There was a significant positive effect of interspecific 
interactions on % CaCO3 that occurred when Padina was grown with Galaxaura regardless of 
nutrient treatment (Figure 1.1b; 2-factor ANOVA, p = 0.048 for species presence). Overall % 
CaCO3 was ~1.2-times higher in Padina in the treatments with interspecific interactions 
compared to when grown alone. 
In contrast, there was an overall loss in total mass of Galaxaura in all treatments (Figure 
1.2a). Loss was the least when Galaxaura was grown with Padina in ambient nutrients, but not 
in enriched, resulting in a significant interaction (2-factor ANOVA, p = 0.034 for the 
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interaction). Overall % CaCO3 was similar in each treatment and not affected by either factor 
(Figure 1.2b, 2-factor ANOVA, p > 0.05 for all factors and the interaction). 
Enriched sediment mesocosm 
When terrestrial sediments were added to mesocosms Padina lost total mass in all 
treatments (Figure 1.3a). Effects of sediments on total mass of Padina were more negative when 
sediments were enriched compared to ambient and occurred both when Padina was grown alone 
and with Galaxaura (2-factor ANOVA, p = 0.001 for sediment treatment). In the enriched 
sediment treatments, Padina lost ~2-times more total mass than in the ambient treatments. 
Overall there was about half the CaCO3 in the together treatments compared to when grown 
alone (Figure 1.3b). Thus, there was a negative effect of interspecific interactions on % CaCO3 
regardless of sediment nutrient treatment (2-factor ANOVA, p = 0.002 for species presence). 
Comparing CaCO3 content of Padina in this and the previous experiment (Figure 1.1b) suggests 
that CaCO3 dissolution occurred.   
In contrast, Galaxaura gained total mass in all treatments (Figure 1.4a). There was a 
positive effect of interspecific interactions on Galaxaura that only occurred with ambient 
sediments (2-factor ANOVA, p = 0.001 for the interaction). With ambient sediment nutrients, 
Galaxaura gained ~2-times more total mass when grown with Padina than when grown alone. 
Overall % CaCO3 in Galaxaura was twice as high in the together compared to the alone 
treatments (Figure 1.4b). Thus, there was a positive effect of interspecific interactions on % 
CaCO3, where Galaxaura had more CaCO3 when grown with Padina regardless of nutrients (2-
factor ANOVA, p < 0.0001 for species presence). Overall Galaxaura had lower CaCO3 in this 
experiment compared to the water enrichment experiment (compare Figure 1.2b and Figure 
1.4b), especially in the alone treatments. 
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DISCUSSION 
We uncovered a novel ecological process whereby interspecific interactions control 
CaCO3 production in calcifying algae; this finding has global implications because CaCO3 
production is one means of sequestering excess C associated with climate change (Renforth et al. 
2009). For both species tested, interspecific interactions greatly increased the % of the thallus’ 
mass comprised of CaCO3, up to doubling the CaCO3 content in “winners” when conditions 
were favorable for growth. While it is well documented that photosynthesis and calcification are 
linked (e.g. Jensen et al. 1985, Borowitzka & Larkum 1987, Gattuso et al. 1999), few studies 
have assessed whether interspecific interactions affect this relationship. In the few studies that 
have assessed species interactions, the historical focus has been on how the photosynthesis rates 
of coral symbionts affect rates of coral calcification (e.g. Stambler et al. 1991). More recently, 
studies of calcification are focused on ocean acidification (OA), and identify shifts in water 
chemistry, specifically things that alter the concentration of CaCO3, as drivers of calcification 
rate (Langdon & Atkinson 2005, Peach et al. 2017). Here we discovered that interspecific 
interactions can also drive this complex mechanism. As CaCO3 precipitation is an important sink 
for C (Renforth et al. 2009), our work has important and novel implications for understanding 
processes that may ameliorate the effects of climate change.  
One possible mechanism that may drive the relationship between interspecific 
interactions and CaCO3 production is biotically-mediated changes in water chemistry that are 
similar to the abiotic changes that occur during OA. One line of evidence supporting this 
mechanism is that increased calcification in one species was always linked with loss in mass of 
the other species in our study. Loss in mass for primary producers can occur when respiration 
exceeds photosynthesis or during microbial decomposition; both processes lead to increased 
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concentrations of CO2 in the water (Lloyd et al. 1977). This increased CO2 can be utilized for 
photosynthesis by the “winner”, and subsequently support calcification (Koch et al. 2013). For 
example, in a study on Halimeda spp. (calcifying green macroalgae), increased photosynthesis 
due to CO2 uptake led to an increased pH environment conducive for calcification (de Beer & 
Larkum 2001). Thus, respiring or decomposing algae may have changed the carbonate water 
chemistry, which could have benefited the “winner” species in our study. This result is supported 
by studies of OA that suggest some photosynthetic organisms may benefit from OA in the short-
term due to the spike in CO2 (Peach et al. 2017, Zou & Gao 2009), although in the long-term 
these effects have shown negative impacts to CaCO3 producing organisms (Russell 2009, 
Hofmann & Bischof 2014). As CO2 continues to increase globally, research on understanding 
mechanisms of consumption/production by calcifying organisms must also increase in order to 
combat continued degradation of reefs.  
Another possible explanation for positive effects of interspecific interactions on CaCO3 
production is dissolution of CaCO3 in the “loser”, freeing CO32- ions for use by the “winner”. For 
example, if Padina was losing CaCO3 by dissolution, this would produce free CO3
2- ions, 
increase pH (Millero 2007), and support higher calcification in Galaxaura. This example may 
not explain the CaCO3 increase for Padina, as dissolution did not appear to occur in Galaxaura. 
However, as the CaCO3 structure and calcification sites are different in the two species 
(reviewed in Koch et al. 2013), it is likely their responses may be unique as well. Overall, we 
demonstrate that the calcification process is complex and controlled by varying factors, many 
which can be affected by species interactions.  
Our results imply that Padina may dominate overfished coral reefs with increased 
supplies of nutrients to the water column, although this dominance may be mediated by 
12 
 
interspecific interactions. Our findings support other mesocosm and field studies that 
documented Padina responding favorably to enhanced water column nutrients (e.g. Clausing & 
Fong 2016, Fong & Fong 2014, Johnson et al. 2018, Thacker et al. 2001). A field study in 
Hawaii also found Padina and other tropical macroalgal (i.e. Sargassum, Dictyosphaeria, and 
Gracilaria) growth increased with added nutrients (Larned 1998). This study also concluded that 
due to Padina’s flat form, advection of water column nutrients was the primary nutrient source 
rather than sediments. Less understood is the response of Padina when exposed to interspecific 
interactions. 
 In one of the few studies that address interspecific interactions, Fong & Fong (2018) 
documented a negative impact on Padina when grown with multiple species compared to when 
grown alone in both ambient and enriched nutrient treatments (Fong & Fong 2018). Even though 
the growth in our experiment was lower with species interactions, Padina still grew in all 
treatments suggesting under increasing nutrient supplies to the water column we will see 
continued proliferation. These results may explain the worldwide trend of increased abundance 
of brown algae on topical reefs (reviewed in Fong & Paul 2011).  
Our results also suggest that Galaxaura may become the dominant macroalga on 
overfished tropical reefs if reefs continue to be subjected to increased terrestrial sources of 
sediments. This finding also supports the few studies that have documented Galaxaura’s 
increased growth in response to sedimentation (Clausing et al. 2016, Su et al. 2009). Due to 
Galaxaura’s coarsely branched structure covered in filaments, fine sediments adhere to the 
thallus and provide nutrients, which may create a positive feedback with subsequent growth 
(Clausing et al. 2016). Galaxaura must allocate energy between nutrient uptake and growth and 
this may also be affected by interspecific interactions. In our mixed community treatments, 
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where Galaxaura was the “winner”, energy appears to be allocated to biomass accumulation in 
ambient nutrients. Conversely when nutrients were added, Galaxaura’s energy allocation may 
shift to uptake and CaCO3 mass accumulation. This suggests that sediments, enriched or 
ambient, contribute to both biotic and abiotic growth, which is mediated by interspecific 
interactions. With sediment loads increasing to the water column due to development and 
deforestation globally (Maina et al. 2013, reviewed in Bainbridge et al. 2018), Galaxaura 
thriving in this environment will only add to macroalgal-dominated reef systems. However, on a 
Galaxaura-dominated reef, food chain support may be disrupted as this is a less palatable species 
than many others (Fong & Fong 2014), suggesting this shift may compromise the community, 
and break down the trophic structure. 
 Our findings indicate that anthropogenic disturbances in the form of increased sediments 
and nutrients have strong effects on macroalgal species-species interactions, with potential for 
domination or decline based on the nutrient source and community composition. This may 
contribute to our difficulty in predicting how nutrients will affect growth of calcifying algae. For 
these species, growth is comprised of both the biotic and abiotic portions of the thalli, which are 
differently affected by sediments and nutrients. These complex interactions are likely mediated 
by links between CO2 and CO3
2- availability. Consequently, reefs affected by enhanced 
anthropogenic stressors in this climate change era will be vulnerable to macroalgal dominance, 
but how this will affect net calcification warrants further investigation. Ultimately, however, as 
species either “win” or “lose”, these interactions may cause local environmental changes that 
could alter the overall reef community structure.  
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 FIGURES 
 
Figure 1.1. Results of a 2 factor experiment varying water column nutrient supplies and 
interspecific interactions for a) Padina and b) % calcium carbonate (CaCO3) in algal thalli after 7 
days of experimental treatments. Bars are means ± SE. 
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Figure 1.2. Results of a 2 factor experiment varying water column nutrient supplies and 
interspecific interactions for a) Galaxaura b) % calcium carbonate (CaCO3) in algal thalli after 7 
days of experimental treatments. Bars are means ± SE. 
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Figure 1.3. Results of a 2 factor experiment varying sediment nutrients and interspecific 
interactions for a) Padina b) % calcium carbonate (CaCO3) in algal thalli after 7 days of 
experimental treatments. Bars are means ± SE. 
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Figure 1.4. Results of a 2 factor experiment varying sediment nutrients and interspecific 
interactions for a) Galaxaura b) % calcium carbonate (CaCO3) in algal thalli after 7 days of 
experimental treatments. Bars are means ± SE. 
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CHAPTER 2: 
Macroalgal-driven acidification of a shallow coastal estuary is mediated by multiple 
alterations in microbial processes 
ABSTRACT 
Eutrophication and ocean acidification are both widely acknowledged as major human-
induced stressors in marine environments. While the link between eutrophication and 
acidification has been established for phytoplankton, it is unclear whether eutrophication in the 
form of macroalgal blooms can cause cascading changes in biogeochemical processes that lead 
to acidification in shallow eutrophic estuaries dominated by macroalgal blooms. We conducted 
seasonal field surveys and assessed microbial communities and functional genes to evaluate 
changes in biotic and abiotic characteristics between seasons that may be associated with 
acidification in Upper Newport Bay, CA, USA. Acidification, measured as a drop in pH of 0.7, 
occurred in summer at the site with the most macroalgal cover, which reached ~90%. All 
evidence indicated that acidification was likely driven by the same excessive 
productivity/decomposition cycle found for phytoplankton bloom-induced acidification. 
Microbial community composition and functional gene expression provide evidence that 
decomposition processes contributed to acidification, and also suggest that other biogeochemical 
processes like nitrification and degradation of polyphosphate contributed to acidification. 
Overall, our results show macroalgal blooms cause a sequence of biogeochemical processes that 
ultimately can drive acidification in shallow coastal estuaries, and that these processes are 
mediated by a dynamic microbial community.  
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INTRODUCTION 
Humans are impacting almost every major ecological process that structures communities 
and ecosystems. Examples of how human activity can directly control key processes in 
ecosystems include destruction of habitat changing trophic structure (Gieswein, Hering, & Feld, 
2017), nutrient pollution altering competitive outcomes (Liu, Deng, Du, Zhang, & Hou, 2019), 
overharvesting of consumers reducing top down control (Zhang & Vincent, 2019), and now 
climate change impacting virtually every global biogeochemical cycle (Duarte et al., 2013; 
Hargrave, Foggo, Pessarrodona, & Smale, 2017). Importantly, several meta-analyses have 
demonstrated that multiple stressors acting simultaneously often interact in complex ways (e.g., 
Crain, Kroeker, & Halpern, 2008; Jackson, Loewen, Vinebrooke, & Chimimba, 2016), making 
net effects difficult to predict.  
One meta-analysis, focused on multiple stressors in marine ecosystems, found that most 
stressor pairs had synergistic effects, suggesting that complex interactions between co-occurring 
stressors will have larger effect sizes than simply the addition of the effects of single stressors 
(Crain et al., 2008). However, a second meta-analysis in freshwater ecosystems found the 
opposite results, with combined stressors most often having smaller effect sizes than the sum of 
single stressors, an interaction termed antagonistic (Jackson et al., 2016). Yet a third review 
determined that antagonistic or additive (if stressors A and B affect a species independently, then 
the total effect on the species is A plus B) relationships are more prevalent than synergistic 
relationships when dealing with multiple stressors (Côté, Darling, & Brown., 2016). These 
conflicting results suggest that stressors may interact differently in different ecosystems, or even 
within an ecosystem. What remains unclear is the mechanism that may drive these differences. 
Even less explored is if one stressor can result in cumulative or cascading effects that trigger 
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other stressors, and lead to unforeseen effects or “ecological surprises” (uncertainty about the 
impact of multiple new and extreme stressors, sensu Jackson et al., 2016). 
One of the best-studied human stressors is eutrophication (Cloern, 2001; Hu et al., 2017; 
Moore & Cuker, 2018; Wasson et al., 2017a). Defined as the build-up of organic matter in 
aquatic systems (Nixon, 1995), eutrophication usually results from excess nutrient (nitrogen (N) 
and phosphorus (P)) loading. Numerous studies link increased human populations and watershed 
development with increased nutrient supplies to aquatic systems (Kemp, Testa, Conley, Gilbert, 
& Hagy, 2009; Valiela et al., 1997; Wallace, Baumann, Grear, Aller, & Gobler, 2014; Wasson et 
al., 2017b). In turn, these nutrients increase primary productivity and the accumulation of 
organic matter in the form of phytoplankton and macroalgal blooms (Cloern, 2001; Kennison & 
Fong, 2014; Lapointe, Burkholder, & Van Alstyne, 2018; Strain, Thomson, Micheli, Mancuso, & 
Airoldi, 2014; Testa et al., 2017). Thus, many marine ecosystems associated with human-
dominated landscapes are eutrophic, including major systems such as Chesapeake Bay (US, 
Kemp et al., 2005; Testa et al., 2017), Chinhae Bay (South Korea, Lim, Diaz, Hong, & 
Schaffner, 2006), and the Baltic Sea (Northern Europe, Murray et al., 2019).  
Consequences of excessive algal blooms include habitat loss, decreased water quality, 
changes in sediment chemistry, and depletion of oxygen (O2) (i.e., hypoxia) in marine systems 
(Green, Sutula, & Fong, 2014; Hu et al., 2017; Kemp et al., 2009; Rabalais, Turner, Díaz, & 
Justić, 2009; Tango & Batiuk, 2016). Although similar adverse effects may occur in the open 
ocean, the magnitude of the impacts are greater in coastal waters and estuaries as these systems 
are typically shallower and semi-enclosed (Cloern, 2001; McCrackin, Jones, Jones, & Moreno-
Mateos, 2017).  
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Another stressor in marine systems is ocean acidification (OA), which occurs when 
excess carbon dioxide (CO2), usually from anthropogenic sources to the atmosphere, increases 
the formation of carbonic acid in seawater. Dissociation of carbonic acid to bicarbonate and 
carbonate decreases pH through proton release (Millero, 2007), thereby affecting the solubility of 
essential elements and their subsequent geochemical cycling (Russell, Thompson, Falkenberg, & 
Connell, 2009). Research on the biotic effects of OA has generally focused on organisms that 
produce carbonate shells or skeletons such as oysters, clams, and corals (Evensen & Edmunds, 
2018; Gobler, DePasquale, Griffith, & Baumann, 2014). More recently, studies focus on the 
effect OA may have on primary producers (reviewed in Koch, Bowes, Ross, & Zhang, 2013), 
some even suggesting OA may stimulate primary productivity (Harley et al., 2012; Koch et al., 
2013; Peach, Koch, Blackwelder, & Manfrino, 2017; Wahl et al., 2018).   
The preponderance of OA research has focused on the paradigm that acidification occurs 
from atmospheric input of CO2 (Evensen & Edmunds, 2018; Peach et al., 2017; Poore et al., 
2013; Russell et al., 2009). However, an alternative mechanism is an increase in CO2 and 
subsequent acidification due to microbial respiration driven by eutrophication in the form of 
primary producers blooms (Cai et al., 2011; Laurent et al., 2017; Sunda & Cai, 2012; Wallace et 
al., 2014). This sequence implies that one stressor (in this case eutrophication) can drive/cause 
another stressor (e.g., acidification) as suggested by Jackson et al. (2016) for other stressor pairs. 
Here, large algal blooms can dominate the water column and, during decomposition, fuel 
microbial degradation of released organic matter, which produces CO2 and leads to acidification.  
Cai et al. (2011) modeled an end of the century pH drop of 0.74 units in coastal estuaries 
globally with nearly half attributed to respiration processes following phytoplankton blooms 
resulting from eutrophication. This eutrophication-driven acidification has been increasingly 
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observed for phytoplankton blooms (Laurent et al., 2017; Sunda & Cai, 2012; Wallace et al., 
2014), but has yet to be linked to macroalgal blooms in the field. However, diel fluctuations with 
decreases in pH at night have been observed during macroalgal blooms (Krause-Jensen et al., 
2015), suggesting that the same processes leading to day time acidification may occur for large 
macroalgal blooms.   
In shallow estuaries, eutrophication often takes the form of macroalgal blooms (reviewed 
in Fong, 2008). Such blooms occur worldwide including such geographically diverse places as 
Australia (Valesini et al., 2019), Denmark (Rasmussen, Dromph, Göke, & Krause-Jensen, 2015), 
China (Li et al., 2016), and the US (Lewis & DeWitt, 2017). Macroalgal blooms are usually 
comprised of opportunistic red or green species of algae that respond with rapid growth to 
increased nutrient supplies (Fong, 2008), tolerate a wide range of environmental conditions 
(Hargrave et al., 2017; Kamer & Fong, 2001; Sangil & Guzman, 2016), and undergo episodic or 
seasonal blooms (Cui et al., 2018; Kennison & Fong, 2014). These blooms often detach from the 
benthos and form floating rafts that can cover up to 70% of the surface area of shallow estuaries 
(Green et al., 2014).  
Negative effects during the growth phase of blooms include loss of trophic support 
(Green, Blumstein, & Fong, 2015; Wasson et al., 2017a) and adverse effects on foundational 
seagrass communities (Bittick, Sutula, & Fong, 2018). During decomposition, blooms can cause 
fish and invertebrate kills due to reduced O2 content in the water and sediment, and the 
accumulation of toxic level of sulfides in the sediment (Green & Fong, 2016). Also, during the 
decomposition phase, algal mats become negatively buoyant and sink to the seafloor where they 
lead to the accumulation of organic matter in the sediment (García-Robledo & Corzo, 2011; 
Kamer, Fong, Kennison, & Schiff, 2004). This large input of labile organic matter can fuel 
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microbial respiration as the macroalgal bloom degrades (García-Robledo, Corzo, García de 
Lomas, & van Bergeijk, 2008; Herbert, 1999) and may contribute to acidification by producing 
CO2 in excess (e.g., Figure 2.1), as documented in phytoplankton blooms (Sunda & Cai, 2012; 
Wallace et al., 2014).  
In shallow estuarine systems, water and benthic processes are strongly linked, therefore 
microbial community composition and activity in the sediment may play key roles in 
eutrophication-driven acidification fueled by macroalgal blooms (Figure 2.1). Many 
characteristics of bloom-forming macroalgae have the potential to drive changes in microbial 
community structure and function (Hardison, Canuel, Anderson, & Veuger, 2010), such as their 
capacity to store N and polyphosphate (poly P) in excess of growth requirements (Fong, 2008; 
Valiela et al., 1997) and the organic carbon (C) sources such as cellulose, starch, pectin, and 
lignin found in their cells walls (Holzinger, Herburger, Kaplan, & Lewis, 2015). Certain 
microbes can use these C sources via respiration or fermentation, resulting in production of CO2 
during decomposition (Hu et al., 2017), which can directly contribute to acidification.  
Decomposition processes also promote rapid N and P cycling, which could indirectly 
contribute to acidification. For example, microbial decomposition of algal organic matter 
promotes release of orthophosphate (PO4
3-) via poly P degradation (Joshi et al., 2015; Zhang et 
al., 2015) as well as rapid ammonification, where the organic N is microbially transformed to 
ammonium (NH4
+) (Herbert, 1999). The production of NH4
+ fuels the next step of the N cycle, 
nitrification, where NH4
+ is oxidized to nitrate (NO3
_
), and protons are released (Wolf-Gladrow, 
Zeebe, Klaas, Kortzinger, & Dickson, 2007). The protons and NO3
_
 are then reduced via 
denitrification, and N gas (N2) is produced (Herbert, 1999).  
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Normally the coupling of nitrification-denitrification not only prevents the build-up of 
excess NH4
+, but also keeps protons balanced (Herbert, 1999; Marchant et al., 2016; Wolf-
Gladrow et al., 2007). However, in eutrophic systems these processes often become uncoupled 
(Duarte et al., 2013; Howarth et al., 2011), which can contribute to acidification. For example, 
one study found nitrification alone contributed up to 34% of proton production in a coastal lake 
(Hagens, 2015), although this was not during an algal bloom. The potential for strong links 
between degradation of macroalgal blooms driven by microbial communities and acidification 
motivates further exploration into these processes.   
One approach that may reveal the microbial link between macroalgal blooms and 
acidification is to evaluate the functional capacity of the microbial community associated with an 
acidification event. It is becoming clearer in ecological research that in order to truly link 
processes we must also consider functional gene expression (e.g., Nostrand, Yin, Wu, Yuan, & 
Zhou, 2016; Yang et al., 2016) in the field in real time. Thus, our objectives were to 1) determine 
if macroalgal blooms, like phytoplankton blooms, are associated with acidification in a shallow 
eutrophic estuary, 2) assess microbial community structure and diversity and relate these to 
standard abiotic and biotic measures of estuarine health, and 3) evaluate microbial functional 
gene expression before and during an acidification event.  
 
MATERIALS & METHODS  
 We conducted seasonal field surveys to characterize changes in biotic and abiotic 
characteristics between seasons that may be associated with acidification in Upper Newport Bay, 
CA, USA. During the two sampling events, one each in the wet and dry seasons (December 2017 
and June 2018, respectively) we conducted benthic surveys of algal cover, and collected water 
32 
 
and sediment samples to measure water quality and assess the microbial community 
composition. Finally, in the site that acidified in one season, we collected samples for functional 
genes in both seasons to compare functional activity. 
 Upper Newport Bay (UNB, 33.6454° N, 117.8861° W) is a 304-ha estuary located 56 km 
south of Los Angeles with San Diego Creek draining into the bay. The surrounding 271 km2 
watershed is 71% urbanized with only 5% developed by agriculture (Kennison & Fong, 2014), 
which leads to increased nutrient input and subsequent macroalgal blooms (Kennison, Kamer, & 
Fong, 2011). While lower Newport Bay has been dredged to form an embayment for marinas, 
the upper portion is an ecological reserve with only the main channel dredged. We conducted our 
surveys along tidal creeks, which have not been dredged, at the same sites used in Kennison and 
Fong (2013). These sites are at the head of the estuary where there is freshwater inflow, the 
mouth of the estuary (nearest the ocean inlet), and mid-way between (Figure 2.2).  
Environmental analysis 
We conducted surveys at low tide in both the wet (December) and dry (June) seasons to 
maximize measurement of nutrient-rich fresh water entering the estuary and to enable 
comparison to previous studies in this estuary. During each survey, water quality measurements, 
including temperature (Oakton portable meter), pH (Oakton portable meter), and salinity 
(handheld refractometer) were recorded. We collected five water samples in 10 mL syringes and 
placed them on ice in a dark cooler. These samples were transported to the laboratory within 4 h 
of collection, filtered (Whatman 0.45 µm), and frozen until analysis (within 1 week of 
collection). NH4
+ and PO4
3-, both inorganic nutrient species from recycled sources, were 
measured photometrically (Grasshoff, Ehrhardt, & Kremling, 1999). Total alkalinity (TA), used 
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here to assess biogeochemical cycling (Wolf-Gladrow et al., 2007), was determined by acid 
titration (Dale et al., 2011).  
Benthic surveys of algal cover were conducted at each site along a 30 m transect parallel 
to the waterline and 1 m downslope from the vascular vegetation (Kamer & Fong, 2001; 
Kennison & Fong, 2014). At 10 randomly selected points along each transect macroalgal cover 
was assessed using the point intercept technique within a 0.25 m2 quadrat with 49 intercepts. 
Macroalgal percent cover was calculated by dividing the number of intersections that covered 
algae by 49 and multiply by 100. 
To measure sediment organic content, we collected surface sediment (top 3 cm) from five 
of the ten quadrats, dried it for 24 hours at 100 °C, and measured loss after ignition in a 400 °C 
muffle furnace. We also collected sediment cores in 50 mL centrifuge tubes that were placed in 
dark coolers and transported back to the lab. Upon return, samples were centrifuged for 20 mins 
at 10,000 rpms to separate the porewater from the sediment. After centrifugation, the overlying 
water was removed from each core and analyzed as above for NH4
+, PO4
3-, and TA.  
Survey data were analyzed with 2-factor ANOVA’s, with factors being site and season. 
All data that did not meet parametric assumptions were log transformed and then analyzed with 
2-factor ANOVA. Tukey’s post hoc tests were conducted after ANOVA detected significant 
differences. These analyses were conducted in RStudio v. 3.5.1 using package: car. 
Microbial community analysis 
To assess the microbial community diversity, metabarcoding was employed, which uses 
universal primers that target specific DNA loci that will amplify certain groups of taxa. Using 
sterile gloves and spatulas, 2 mL sediment samples were collected in triplicate from the top 1 cm 
of sediment within 5 quadrats at each site in winter and 3 quadrats during summer for 
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environmental DNA (eDNA) analysis. One field blank was also collected each season by 
opening an empty tube, swiping the air, and closing the tube within 5 seconds. These samples 
were also kept cold, transported to the lab and kept frozen at -80°C until analysis (within 2 
weeks of collection).  
The triplicate samples were pooled, and DNA was extracted using the QIAGEN DNeasy 
PowerSoil Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions). Blank 
tubes were also extracted with each set of samples as a negative extraction control for a total of 5 
controls. Extracted DNA was amplified in triplicate by polymerase chain reaction (PCR) using 
the 16S (515f and 806r; Caporaso et al., 2012) primers with a Nextera adaptor modification.  
PCR amplification for each replicate and a PCR negative was performed in 15 µL 
reactions: 7.5 µL of QIAGEN Multiplex Taq PCR 2x Master Mix, was combined with 0.25 µL 
of each primer, 2 µL of template DNA and 5 µL of purified water.  The reaction was performed 
under the following thermocycler settings: 15 mins of initial denaturation at 95°C; 13 touchdown 
cycles of 30 s at 94°C, 30 s at 69.5°C and 60 s at 72°C; 35 amplification cycles of 30 s at 94°C, 
30 s at 50°C and 60 s at 72°C; 10 min of final extension at 72°C; hold at 10°C. PCR 
amplification was conducted 3 times for each sample and successful amplification was visualized 
using gel electrophoresis in 2% agarose gels with 200 mL of 1x Tris-Acetate-EDTA buffer and 
stained with 6 µL of SyberSafe (Thermo Fisher, Waltham, MA, USA).  
Samples were cleaned using AMPure XP beads (Beckman Coulter, Indianapolis, IN, 
USA), quantified on a Victor 3V Plate Reader, and indexed using dual i7 and i5 Illumina Nextera 
indices (Illumina, San Diego, CA, USA). The clean library was sent to the University of 
California, Santa Cruz Paleogenomics lab and sequenced on an Illumina MiSeq v3 2x300 
35 
 
platform. The raw sequence reads are available in the National Center for Biotechnology 
Information (NCBI) database under bioproject (ID pending).  
We used the newly developed Anacapa Toolkit for taxonomy assignment using its default 
parameters (see version 1.1 supplemental in Curd et al., 2018). In brief, quality control was 
performed, and chimeras were removed. Then amplicon sequence variants (ASVs) were assigned 
using DADA2 (Callahan et al., 2016), next taxonomy was assigned using Bowtie 2 with the 
Bayesian Least Common Ancestor (BCLA) method (Langmead & Salzberg, 2012).  
Final results tables were generated by modifying the output tables of reads per site 
sample for each taxon. First, the NCBI-based classification was converted to follow recent 
revision (Ruggiero et al., 2015) which produced more complete taxonomic strings for estimating 
phylogenetic diversity at different taxonomic hierarchies. Samples were decontaminated by 
removing any taxa found in 3 or more reads in the controls (i.e., PCR negatives, extraction 
blanks, and field blanks). Lastly, taxa only present in one or two reads total across all samples, 
and any unknowns were also removed.  
The final ASV tables and metadata were converted to Phyloseq objects (McMurdie & 
Holmes, 2013) which merges the taxonomy data with the environmental data collected in the 
field surveys for community analysis. Data were normalized for analysis by rarefying samples to 
retain 628 reads each, and a new object summarized to taxonomic family was created. The low 
number of reads was due to the conservative decontamination step explained above. OTU 
(operational taxonomic unit) tables were extracted to identify the most abundant (defined here as 
>10 % of relative abundance) taxa between sites and seasons and visualize differences. A 
dominance test, using function “dominant”, was used to determine the most dominant taxa in 
each sample. Alpha (species) diversity of each community was assessed at each site and season 
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using the Shannon Index, and analyzed with a 2-factor ANOVA. Beta diversity, which accounts 
for spatial differences of the community, was assessed with a principal coordinate analysis 
(PCoA) using the Bray-Curtis distance index and analyzed with a PERMANOVA with factors 
being site and season. A constrained analysis of principal coordinates (CAP) was also conducted 
to observe how the environmental data contributed to the community structure. Site means of all 
measured variables were used for this analysis; the model and variable significance were 
analyzed using function “anova.” These analyses were conducted in RStudio v. 3.5.1 using 
packages: dplyr, ranacapa, phyloseq, vegan, microbiome, and, ggplot2. 
We chose to quantify functional activity of the benthic microbe community where 
acidification occurred; thus, only the middle site was chosen for functional gene exploration. 
Two subsamples (winter, non-acidified and summer, acidified) from the middle site’s extracted 
DNA (1µg) were sent to the University of Oklahoma Institute for Environmental Genomics and 
analyzed using GeoChip 5.0 (Glomics Inc., Norman, OK, USA). We used this microarray-based 
metagenomic tool to assess functional gene diversity as it is comprised of 167,000 
oligonucleotide probes covering 1500 functional gene families involved in processes such as C, 
N, and P cycling. The two subsamples were processed as described in Nostrand et al., (2016), 
which included amplification, labeling, hybridization, and data preprocessing. Removal of poor-
quality spots and normalization of spot signal intensity were conducted as described in (Liang et 
al., 2010) and provided by Glomics Inc. as a customer service. In brief, spots were scored as 
positive and retained if the signal-to-noise ratio [SNR = (signal mean – background 
mean)/background standard deviation] was ≥ 2.0, the coefficient of variation (CV) of the 
background was < 0.8, and signal intensity 1.3 times the background.  In addition, spots with 
signal intensity less than 200 were discarded (Nostrand et al., 2016).  
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Functional gene data were uploaded to the microarray data manager provided by Glomics 
Inc. (ieg.ou.edu/microarray). Data were normalized by dividing the total intensities of the probes 
per gene by the number of probes expressed in each gene. Intensity represents how many probes 
expressed a particular gene, and therefore is an estimate of prevalence/frequency of occurrence. 
As there were only 2 samples total, with one for each season, no statistical analysis was 
conducted. Visual analysis of gene diversity between the seasons was conducted graphically.  
 
RESULTS  
Environmental analysis 
Percent cover of Ulva spp. did not differ between seasons but was different among sites 
in the estuary (Figure 2.3A; 2-factor ANOVA, p = 0.029 for site). Ulva spp. cover appeared the 
highest in the middle site with an average of 82% cover across both seasons, though mouth and 
middle sites did not differ statistically. TA was highest in the middle site in winter and at the 
head site during summer (Figure 2.3B), resulting in a statistical interaction (2-factor ANOVA, p 
< 0.0001 for the site by season interaction). Following the same pattern as TA, PO4
3- changed 
from being the highest in the middle during the winter to the head in the summer (Figure 2.3C), 
also resulting in an interaction (2-factor ANOVA, p < 0.0001 for the interaction). NH4
+ was also 
highest in the middle site during the winter and varied among sites, (1-factor ANOVA, p < 
0.0001 for site), but was not measurable at any site in the summer (Figure 2.3D).  
pH in the middle site dropped from 8.3 in the winter to 7.6 in summer, suggesting 
acidification. In contrast, pH in the head site increased from 8.17 to 8.26 and in the mouth site 
from 8.31 to 8.55, which are above the oceanic baseline of 8.1.   
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Overall sediment organic content was higher in the summer (Figure 2.4A; 2-factor 
ANOVA, p = 0.02 for season) and consistently highest at the middle site (2-factor ANOVA, p < 
0.0001 for site), with no interaction. There were no differences due to site or season in sediment 
porewater TA (Figure 2.4B; 2-factor ANOVA, p > 0.05 for both factors and the interaction). 
PO4
3- was higher in the summer (2-factor ANOVA, p = 0.005 for season) but similar across sites 
(Figure 2.4C). In contrast, NH4
+ was lower in the summer (2-factor ANOVA, p = 0.004 for 
season), but also with no differences between sites (Figure 2.4D).  
Microbial community analysis 
 
We identified 246 families of bacteria and archaea across our sites. Families 
Flavobacteriaceae, Chromatiaceae, Cyclobacteriaceae, Desulfobulbaceae, Cytophagaceae, 
Pseudomonadaceae, Planctomycetaceae, and Desulfobacteraceae each comprised at least 10% of 
the relative abundance among samples (Figure 2.5). Of those families, Flavobacteriaceae 
dominated the head and mouth during the winter and summer, while Chromatiaceae and 
Cyclobacteriaceae dominated the middle.  
There was no significant difference in the microbial community alpha diversity between 
sites or seasons (ANOVA, p-value>0.05). However, there was an interaction between site and 
season for beta diversity (PERMANOVA, p-value=0.003 for the interaction) with the middle and 
head sites grouped together regardless of season, while diversity at the mouth separated 
seasonally (Figure 2.6).  
Microbial community structure at the middle site in summer was associated with 
porewater PO4
3-; while numerous variables (porewater NH4
+, water column NH4
+, PO4
3-, and 
TA, organic content, and % Ulva spp.) were related with the middle community in the winter 
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(Figure 2.7). pH was associated with the community at the mouth in winter, but not in summer, 
while the head appeared not to be associated with any of the variables.   
Functional genes that mediate several major biogeochemical and metabolic processes 
were detected in our samples, including those involved in C, N, and P cycling (Figure 2.8). 
Expression of these genes, measured as signal intensity, was higher in summer, when 
acidification occurred, than in winter.  
 Functional genes for C degradation were detected for 5 key C sources, with 5 for starch, 
4 for chitin, 11 for pectin, 5 for cellulose, and 5 for lignin (Figure 2.9). One gene for pectin 
degradation, pel_Cdeg, was nearly an order of magnitude higher than the other genes and 
reached the highest values in the summer when Ulva spp. was also the most abundant.  
Functional genes for the entire N cycle (2 for ammonification, 2 for annamox, 4 for 
assimilatory N reduction, 5 for denitrification, 2 for dissimilatory N reduction, 2 for nitrification, 
and 1 for N fixation) were detected (Figure 2.10). One nitrification gene, amoA, had the highest 
signal intensity overall and expression was highest in summer followed by the ammonification 
gene gdh. Genes representing other N cycling processes, such as denitrification, though present, 
expressed lower signal intensities than those for nitrification and ammonification.  
P cycle genes including one each for phytic acid hydrolysis, polyphosphate synthesis, 
polyphosphate degradation, and P oxidation were detected (Figure 2.11); degradation genes (i.e., 
ppx) expressed the highest intensity and were highest in the summer.   
 
DISCUSSION 
To our knowledge, our findings represent the first field evidence that eutrophication of 
shallow coastal estuaries dominated by green macroalgal blooms can cascade to acidification. 
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Previously, acidification in estuaries has only been documented as a result of phytoplankton 
blooms (e.g., Wallace et al., 2014) or for macroalgae at night (Krause-Jensen et al., 2015). In our 
study, acidification occurred during the summer at the site where there was a persistent Ulva spp. 
bloom. Observed water pH was 0.71 units lower than measured in the winter, which is on the 
higher end of acidification observed during phytoplankton blooms. For example, during a red 
tide in the Bohai Sea, pH was 0.29 units lower between June and August (Zhai, Zhao, Zheng, & 
Xu, 2012). Further, differences of < 0.5 pH units were observed between surface and bottom 
waters during a phytoplankton bloom in the Gulf of Mexico (Cai et al., 2011). Larger decreases 
of  > 1 pH unit were measured in eutrophic estuaries across the northeast US (Wallace et al., 
2014).  
One key requisite for the large drops in pH noted in these latter studies was that 
phytoplankton bloom-induced microbial respiration was coupled with summer stratification and 
hypoxia, which isolates and intensified microbial activity in the water column (Laurent et al., 
2017). As stratification doesn’t occur in most shallow coastal estuaries (Day & Smith, 1988, but 
see Nezlin et al. 2009 for temporary stratification that can occur at the mouth of upper Newport 
Bay), the acidification in our study must have occurred when water and sediment processes were 
coupled. Thus, the macroalgal bloom-induced acidification measured in our study was likely 
influenced by microbial processes in both the sediment and the water column. That acidification 
can occur in response to macroalgal blooms and without stratification in shallow estuaries has 
global implications, as more estuarine systems are becoming impacted by mat-forming 
macroalgal blooms (Strain et al., 2014).  
Acidification in our study was likely driven by the same excessive 
productivity/decomposition cycle found for phytoplankton-induced acidification. However, in 
41 
 
our case excessive accumulation of organic matter was in the form of macroalgae. Degradation 
of Ulva spp. was indicated by a high sediment organic content, and confirmed by the expression 
of C degradation genes in the summer, particularly those that degrade pectin, a large component 
of Ulva spp’s cell wall (Holzinger et al., 2015). This finding adds to other laboratory and field 
studies globally that have observed macroalgal blooms contributing to organic matter availability 
in the sediments following degradation (Hardison et al., 2010; García-Robledo & Corzo, 2011; 
Sfriso, Pavoni, Marcomini, & Orio, 1992). Further, a 2-fold increase in C degradation gene 
expression compared to the control site was found in the Xiamen Sea during a phytoplankton 
bloom (Yang et al., 2016), although they did not measure subsequent acidification. Taken 
together, these studies suggest that macroalgal blooms, like phytoplankton blooms, will result in 
degradation processes that can produce CO2 in excess and contribute to acidification.   
Another explanation for the acidification observed in our study could be that degradation 
of the macroalgal bloom released excess nutrients that intensified and uncoupled N cycle 
processes. For example, our results suggest that ammonification onset during decomposition, as 
functional genes responsible for ammonification were higher during acidification. In addition, 
NH4 produced during ammonification likely drove increased nitrification as these genes had the 
highest signal intensity. 
 In contrast denitrification genes did not express as highly during acidification, 
suggesting the uncoupling of the nitrification/denitrification processes. This uncoupling may 
have led to acidification as protons that were released during nitrification were not utilized for 
denitrification (Wolf-Gladrow et al., 2007). Presence of Gammaproteobacteria in the 
Chromatiaceae family provide additional support that nitrification was occurring, as some genera 
are chemolithoautotrophs that oxidize inorganic N (i.e., nitrification), and are termed ammonia-
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oxidizing bacteria (Klotz et al., 2006). Similarly, another field study measured increases of 
ammonia-oxidizing archaea during the post-phytoplankton bloom stage (Zhou et al., 2018), 
supporting that algal organic matter will stimulate nitrification. Other studies have observed 
uncoupling of nitrification-denitrification in eutrophic estuaries, but it is usually the reverse 
effect with nitrification, an oxygen consuming process, reduced due to phytoplankton bloom-
induced hypoxia (Duarte et al., 2013; Howarth et al., 2011). As both the water column and 
sediment in shallow estuaries interact with the atmosphere, O2 depletion may not be as severe, 
and therefore O2 would be available to fuel nitrification and subsequent acidification. 
It is possible that degradation of poly P during the macroalgal bloom also contributed to 
the acidification measured in our study. Degradation of poly P during acidification was indicated 
in our study by an increase in porewater PO4
3- and confirmed by the high expression of poly P 
degradation genes. Numerous field and laboratory studies have observed increased PO4
3- fluxes 
during blooms (Boynton & Kemp, 1985; García-Robledo & Corzo, 2011; Joshi et al., 2015; 
Nędzarek & Rakusa-Suszczewski, 2004), and specifically during poly P degradation (Zhang et 
al., 2015). Further, the presence of Bacteroidetes from the family Cyclobacteriaceae support this 
explanation, as some genera that are chemoorganotrophs with fermentative metabolism that 
degrade polysaccharides  (Pinnaka & Tanuku, 2014) are commonly associated with 
phytoplankton blooms (Eckert, Salcher, Posch, Eugster, & Pernthaler, 2012; Salcher, Posch, & 
Pernthaler, 2013).  
There is some evidence that live Ulva spp. could have contributed to acidification 
through internal poly P degradation associated with severe nutrient limitation (Kumari, Kumar, 
Reddy, & Jha, 2014), and we found extremely low concentrations of PO4
3- in the water column. 
One study found Ulva lactuca exhibited internal poly P degradation with increased acid 
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phosphatase activity when exposed to PO4
3- concentrations (Lee, 2000) comparable to those in 
our field survey (1 vs 2 µM, respectively). Thus, it is likely that multiple processes contributed to 
the acidification found in our field study.  
Overall, our results show macroalgal blooms cause a sequence of biogeochemical 
processes that ultimately can drive acidification in shallow coastal estuaries, and that these 
processes are mediated by a dynamic microbial community. It must be noted that macroalgal 
blooms occurred in all of the sites and in both of the seasons at Upper Newport Bay, albeit not in 
as great a magnitude as the site with acidification. Further, all sites had similar water column and 
porewater characteristics and shared many microbial community members and functions. Thus, 
it is likely that all of the sites had the capacity to acidify, if the macroalgal bloom abundance was 
greater. As human population and subsequent nutrient pollution increases in watersheds globally, 
ecological phenomenon such as eutrophication will only be intensified. These adverse effects 
leading to acidification will be exacerbated in shallow coastal estuaries dominated by macroalgal 
blooms and tightly linked sediment-water interfaces. We assert that more research must be 
conducted on the long-term effects of eutrophication and the cascading stressors that follow.  
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FIGURES 
 
Figure 2.1. Conceptual diagram of the processes that can lead to eutrophication-driven 
acidification in shallow coastal estuaries. Nitrogen (N) and phosphorus (P) enter the water 
column via land run off and fuel the macroalgal bloom, which results in oxygen (O2) production 
and carbon dioxide (CO2) consumption. Decaying organic matter sinks down the water column 
fueling microbial respiration and the consumption of O2 and production of CO2. Subsequently the 
decaying organic matter lies on the sediment and nutrients like ammonium (NH4
+) and 
orthophosphate (PO4
3-) are recycled in the sediment and flux out to the water column. Additional 
microbial respiration in the sediment produces acidification. 
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Figure 2.2. Sampling sites in Upper Newport Bay, CA (RStudio v. 3.5.1; package ggmap).  
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Figure 2.3. Results of benthic surveys and water column water quality measurements. A) % 
cover of Ulva spp. B) total alkalinity (TA) C) orthophosphate (PO4
3-) D) ammonium (NH4
+) with 
Tukey posthoc results. Bars are means ± SE, n = 5. *note NH4
+ was not detected in summer. 
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Figure 2.4. Results of sediment analysis. A) organic content B) total alkalinity (TA) C) 
orthophosphate (PO4
3-) D) ammonium (NH4
+); winter (n = 5), summer (n = 3; TA: head n = 2, 
mouth n = 1; PO4
3-: head n = 2; NH4
+: head n = 2, mouth n = 2). Bars are means ± SE. 
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Figure 2.5. Family composition of the microbial community comprising >10% of the relative 
abundance. Head winter n=4; head summer n=2. 
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Figure 2.6. Principal Coordinate Analysis (PCoA) plot for the beta diversity of microbial 
families.  
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Figure 2.7. Constrained analysis of principal coordinates (CAP) plot. Arrows indicate factors 
influencing community composition.  
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Figure 2.8. The normalized signal intensity of observed functional gene categories for the 
middle site. *not all data displayed 
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Figure 2.9 The normalized signal intensity of carbon (C) degradation functional genes with C 
source indicated. 
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Figure 2.10 Normalized signal intensity of functional genes involved in the nitrogen cycle with 
processes indicated. 
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Figure 2.11 Normalized signal intensity of functional genes involved in the phosphorus cycle 
with processes indicated. 
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CHAPTER 3: 
Tidal flushing stimulates microbially-mediated biogeochemical processes in macroalgal-
dominated shallow coastal estuaries 
ABSTRACT 
 Estuaries are productive and diverse ecosystems that link marine and terrestrial 
environments and are vulnerable to eutrophication from increased anthropogenic nutrients. 
While it is known that enhanced tidal flushing can reduce adverse effects of anthropogenic 
disturbances in larger, deeper estuarine ecosystems, this is unexplored for eutrophication in 
shallow coastal estuaries where macroalgae usually dominate. We simulated eutrophication as a 
macroalgal bloom in a mesocosm experiment, varied tidal flushing (flushed daily vs unflushed), 
and assessed the effects on water column and sediment biogeochemical processes and the 
sediment microbial community. While flushing did not ameliorate the negative effects of the 
macroalgal bloom, it caused transient differences in the rate of change in biogeochemical 
processes and promoted increased fluxes of nutrients from the sediment that were then 
“exported” during flushing. In the beginning, the macroalgal bloom induced basification and 
increased total alkalinity in the water column. During decomposition, acidification and the 
accumulation of nutrients in the sediment and water column occurred, which were driven by 
different microbial communities in each treatment. The flushed daily treatment was dominated 
by Bacteroidetes in the Marinilabiliaceae family, while the unflushed was dominated by 
Firmicutes in the Halobacteroidaceae family. Our results demonstrate macroalgal blooms are 
strong drivers of key biogeochemical processes across very different environmental contexts. 
Further, we suggest that macroalgal blooms can shift the microbial community structure to 
produce the same endpoint through different pathways. 
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INTRODUCTION  
Eutrophication of coastal estuaries due to increased anthropogenic supplies of nutrients 
has been of critical global concern for decades (Ryther & Dunstan 1971; Nixon 1995; Lim et al. 
2006; Testa & Kemp 2012; Moore & Cuker 2018). Excess nutrients fuel high rates of primary 
productivity that result in eutrophication, defined as a build-up of organic matter in an aquatic 
system (Nixon 1995); this organic matter is classically in the form of phytoplankton blooms 
(Cloern 2001; Testa & Kemp 2012). However, some studies have identified the importance of 
macroalgae in this process, particularly in shallow estuaries (Valiela et al. 1997; Fong 2008; 
McGlathery et al. 2012).  
Cascading effects of nutrient-driven algal blooms, here defined as the sequential 
consequences of an initial stressor, include decreased water quality, habitat loss, depletion of 
oxygen (hypoxia/anoxia), pH fluctuations (basification/acidification), altered microbial activity, 
and changes in nutrient cycling (Long & Seitz 2009; Rabalais et al. 2009; Duarte et al. 2013; 
Moore & Cuker 2018; Moore et al. in prep). These effects all have potential for further cascades 
to ecosystem functions, including loss of biodiversity and trophic support (e.g., massive fish kills 
due to phytoplankton bloom-induced hypoxia (reviewed in Diaz & Rosenberg 2008), loss of 
shellfish due to acidification (Gobler et al. 2014), among many others), making research to 
understand mitigating these cascading effects over time complex but critical to conservation and 
management of these key coastal habitats.  
In addition to phytoplankton and macroalgae, microbial communities are also an 
important player in eutrophic estuaries as they mediate many biochemical processes. Thus, 
microbial communities, especially in the sediment of shallow estuaries, are key drivers of the 
cascading effects of eutrophication. For example, as an algal bloom persists, oxygen from 
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photosynthesis fuels microbial aerobic respiration of organic matter (Hu et al. 2017; Duarte et al. 
2013), which in turn can fuel ammonification, a process where organic nitrogen (N) released 
from the algae is microbially transformed to ammonium (NH4
+) (Herbert et al. 1999). Once 
oxygen is depleted during bloom decomposition, organic matter is degraded via anaerobic 
microbial mineralization through processes such as sulfate reduction (Wolf-Gladrow et al. 2007), 
which produces hydrogen sulfide (H2S), bicarbonate (HCO3
_
) ions, and increases total alkalinity 
(TA).  
In bloom-induced anoxic conditions, microbially-mediated nutrient cycling is also altered 
(Herbert et al. 1999; Testa & Kemp 2012). For example, nitrifying bacteria lack oxygen needed 
to complete the aerobic process of nitrification, which is usually coupled with denitrification to 
remove N, and therefore NH4
+
 accumulates (Herbert 1999). Also, as heterotrophic bacteria 
remineralize organic matter, inorganic phosphorous (P, as orthophosphate PO4
3-) is released 
(Joshi et al. 2015). As microbes mediate all of these processes, we can use community diversity 
combined with environmental data to understand these eutrophication-driven cascades and 
develop management strategies to reduce them.   
Enhancement of tidal flushing (i.e., creating or enlarging the opening at the mouth of an 
estuary) is one management strategy proposed to reduce adverse effects of anthropogenic 
disturbances to estuarine ecosystems (Sinicrope et al. 1990; Zedler 2001; Jacobs et al. 2011; 
Dibble & Meyerson 2012; Lechêne et al. 2018). For example, in a marsh with restricted tidal 
flow due to construction of roads and bridges, fish had higher quantities of parasites compared to 
fish in that same marsh once tidal flushing was restored (Dibble & Meyerson 2012). In contrast, 
there is emerging evidence that enhanced flushing in systems with muted connectivity to the 
ocean or that lack natural flushing may have a cost to endangered or endemic species (Jacobs et 
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al. 2011). However, the rationale behind this management strategy is that enhanced tidal flushing 
should limit eutrophication of estuaries as it increases export of nutrients to the sea (Su et al. 
2004), which reduces nutrients available for algal growth within the estuary, thereby decreasing 
an estuary’s vulnerability to algal blooms.  
Among the systems most impacted by eutrophication are shallow coastal estuaries as the 
depth results in strong linkages between sediment and water column processes (Cloern 2001; 
McGlathery et al. 2012). Eutrophication in these systems should co-occur both in the water 
column and sediment and potentially be influenced by tidal flushing, although this relationship 
has not been fully explored. Thus, more research is needed to understand the relationship 
between tidal flushing and eutrophication before enhanced tidal flushing is adopted as a 
management strategy for limiting the impacts of eutrophication.  
Eutrophication of shallow estuaries is generally in the form of opportunistic red or green 
macroalgae, rather than phytoplankton (Fong & Kennison 2010), which respond to increased 
nutrient supplies with rapid growth (reviewed in Fong 2008; McGlathery et al. 2012). These 
macroalgae can form rafts that cover up to 70% of the surface area in shallow estuaries, and up 
to 100% of the sediment area during low tide (Green et al. 2014a; Moore et al. in prep), 
suggesting they can have a large impact to these ecosystems. As the bloom persists, nutrients (N 
and P) and carbon dioxide (CO2) are utilized for photosynthesis and depleted from the water 
column. For phytoplankton, it has been documented that this uptake of CO2 increases water 
column pH and has been termed ‘bloom-induced basification’ (Flynn et al. 2015), a cascading 
effect of eutrophication.  
Conversely, as the bloom starts to decompose, nutrients and CO2 are produced due to 
degradation of the algal organic matter and increased microbial respiration (Paytan & 
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McLaughlin 2007; Sunda & Cai 2012; Wallace et al. 2014). This release of nutrients stimulates 
new blooms (Howarth et al. 2011) while the production of CO2 decreases water column pH 
causing acidification (Cai et al. 2011; Moore et al. in prep). In the process, photoautotrophic 
bacteria become dominated by heterotrophic communities and microbially-mediated 
biogeochemical processes are altered (Meyer-Reil & Koster 2000). These eutrophication-driven 
cascades from phytoplankton blooms have adverse impacts on ecosystem functioning; what 
remains a knowledge gap is whether this same process can be driven by macroalgal blooms.   
One study identified cascading effects of eutrophication during a macroalgal bloom in a 
shallow estuary in Southern California, including pH fluctuations and altered nutrient cycling 
(Moore et al. in prep). In this study, differences among sites were attributed to variances in tidal 
flushing. Other studies have observed macroalgal blooms and subsequent cascading effects 
(Sfriso et al. 1992; García-Robledo et al. 2011; Krause-Jensen et al. 2015; Valença et al. 2016; 
Besterman & Pace 2018), but not while manipulating tidal flushing. The objective of our study 
was to identify if different flushing regimes (open/flushed daily vs closed/unflushed) affected the 
cascading effects of eutrophication in mesocosms simulating shallow coastal estuaries, including 
altering microbial communities. We hypothesized that daily tidal flushing would ameliorate the 
cascading effects of eutrophication, while no tidal flushing would enhance those cascades.  
 
MATERIALS & METHODS   
 To accomplish the objectives of the study, mesocosm experiments were conducted to 
assess the effects of tidal flushing on eutrophication and the potential for subsequent cascading 
effects. In the mesocosm we simulated a shallow estuary with eutrophication in the form of a 
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macroalgal bloom, varied flushing regimes (open/flushed daily vs. closed/unflushed), and 
assessed changes in environmental parameters over time.    
Mesocosm setup  
 The experiment was conducted during the summer of 2018 using sediment cores, 
seawater, and algae collected from an intertidal creek in Upper Newport Bay (33.6454° N, 
117.8861° W), one of the largest remaining estuarine systems in Southern California. This site 
was chosen as eutrophication has been studied in this estuary and at this site over the last 20 
years (Kamer & Fong 2001; Kennison et al. 2011; Kennison & Fong 2014; Moore et al. in prep). 
Upper Newport Bay has a highly-urbanized watershed, which leads to increased nutrient input 
and subsequent macroalgal blooms (Kennison et al. 2011).  
To create each mesocosm, sediment was sampled with 20 push cores (acrylic liner, 16 cm 
length, 13 cm inner diameter) and to maintain intact sediment layers core liners were pushed 5 
cm into the sediment. In the laboratory, a ~2 cm thick mat (50 g) of algae (Ulva spp.) and 1 liter 
of Upper Newport Bay water (hereafter, water) were added to the sediment surface. All 
sediment, algae, and water were collected from a site midway between the mouth and the head of 
the estuary (see Figure 1d in Kennison & Fong 2014) (see below for analysis of sediment 
characteristics). The water was collected during an inflowing tide, stored in the laboratory, and 
recollected as needed. Twenty total units were randomly assigned to one of 2 treatments;10 were 
used for the “flushed daily” treatment and the other 10 for the “unflushed” treatment. For the 
flushed treatment, the overlying water was poured off and replaced with water daily, while the 
unflushed treatment kept the same water throughout the experiment. Units were randomly placed 
in an outside water bath open to natural sunlight, maintained at 20 °C, which is typical for 
estuarine water in summer in California (Kennison et al. 2011), and exposed to an overhead fan 
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to simulate wind mixing and maintain temperature for the duration of the experiment. These 
conditions were achieved to simulate the natural estuarine environment. A 5 mL water sample of 
the initial water that was added to each mesocosm was collected and analyzed for pH, TA, PO4
3-, 
and NH4
+ (see methods below). The mesocosm ran for 3 weeks from late June-July 2018. 
Mesocosm sampling 
To visually track changes in the macroalgal bloom over time, 1 unit from each treatment 
was randomly selected, and each week pictures of the units were taken from directly overhead to 
avoid parallax. To determine final decomposition status of the macroalgal bloom, photos were 
taken of each unit during breakdown/week 3, and digital photos of algae on the sediment surface 
were used to calculate the percent cover of decomposing vs. alive algae. We projected 50 
randomly chosen points on each photo using the CPCe 4.1 software and tallied green (alive) vs 
brown/white (decomposing) algae.  
To assess changes in water quality conditions during the macroalgal bloom, pH was also 
measured at the same time of day weekly using an Oakton portable meter. Further, 5 mL of 
water was collected from the supernatant using a sterile syringe for analyses of NH4
+, PO4
3-, and 
TA. Water samples were immediately filtered with a Whatman 0.45 µM filter, and frozen at -30 
°C until analysis. NH4
+ and PO4
3-, both inorganic nutrient species from recycled sources, were 
measured photometrically (Grasshoff et al. 1999). TA, used here to assess biogeochemical 
cycling (Wolf-Gladrow et al. 2007), was determined by acid titration (Dale et al. 2011). Daily 
fluxes of NH4
+ and PO4
3- were calculated based on changes in water column concentrations over 
time.  
To assess sediment characteristics at the end of the experiment, sediment samples were 
collected for grain size, organic content, porewater, and microbial community (see below) 
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analyses. For grain size and organic content, sediment was first dried at 100 °C for 24 hours then 
grain size was determined using the hydrometer method (Bouyoucos 1962) and organic content 
as loss after ignition in a 400 °C muffle furnace. For porewater analysis, sediment from each unit 
was collected in 50 mL centrifuge tubes during breakdown. Samples were centrifuged for 20 
mins at 10,000 rpms to separate the porewater from the sediment. After centrifugation, the 
overlying water was removed from each tube and analyzed as above for NH4
+, PO4
3-, and TA 
(n=10 for flushed, n=6 for unflushed due to sample/water loss).  
All analyses were conducted in RStudio v. 3.5.1 using packages: nlme, car, and, lsmeans; 
all data that did not meet assumptions were log transformed. To test for significance differences 
between initial and final values for decomposing algal cover, porewater nutrients, TA, organic 
content, and grain size, we used a Welch’s two sample t-test (Welch 1947). Next, to estimate 
effects on pH, NH4
+, PO4
3-, and TA over time, we used linear mixed-effect models (LME; 
Lindstrom & Bates 1988), with the interaction between time and treatment as fixed effects and 
the unit replicates as random effects. Finally, to identify significance of the model terms, we used 
function “Anova” followed by Tukey post hoc tests to explore where differences occurred.  
Microbial community analysis 
To assess the microbial community, using sterile gloves and spatulas, three 2 mL 
sediment samples were collected from the surface layer of each unit at the end of the experiment 
for metabarcoding. Sediment was collected from the surface layer as this is the interface where 
macroalgae and subsequent organic matter interacted with the sediment for the duration of the 
experiment. Pooled samples were extracted using the QIAGEN DNeasy PowerSoil Kit (Qiagen, 
Valencia, CA, USA) according to the manufacturer's instructions. Blank tubes were also 
extracted with each set of samples as a negative extraction control for a total of 5 controls. 
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Extracted DNA was then amplified in triplicate by polymerase chain reaction (PCR) using the 
16S (515f and 806r; Caporaso et al. 2012) primers. 
 PCR amplification for each replicate and a PCR negative was performed in 15 µL 
reactions: 7.5 µL of QIAGEN Multiplex Taq PCR 2x Master Mix, was combined with 0.25 µL 
of each primer, 2 µL of template DNA and 5 µL of purified water.  The reaction was then 
performed under the following thermocycler settings: 15 mins of initial denaturation at 95°C; 13 
touchdown cycles of 30 s at 94°C, 30 s at 69.5°C and 60 s at 72°C; 35 amplification cycles of 30 
s at 94°C, 30 s at 50°C and 60 s at 72°C; 10 min of final extension at 72°C; hold at 10°C. PCR 
amplification was conducted 3 times for each sample and successful amplification was visualized 
using gel electrophoresis in 2% agarose gels with 200 mL of 1x Tris-Acetate-EDTA buffer and 
stained with 6 µL of SyberSafe (Thermo Fisher, Waltham, MA, USA). Samples were cleaned 
using AMPure XP beads (Beckman Coulter, Indianapolis, IN, USA), quantified on a Victor 3V 
Plate Reader, and indexed using dual i7 and i5 Illumina Nextera indices (Illumina, San Diego, 
CA, USA). The clean library was sent to the University of California, Santa Cruz Paleogenomics 
lab and sequenced on an Illumina MiSeq v3 2x300 platform. The raw sequence reads are 
available in the National Center for Biotechnology Information (NCBI) database under 
bioproject (ID pending).  
We used the newly developed Anacapa Toolkit for taxonomy assignment using its default 
parameters (see version 1.1 supplemental in Curd et al. 2018). In brief, quality control was 
performed, and chimeras were removed. Then amplicon sequence variants (ASVs) were assigned 
using DADA2 (Callahan et al. 2016), next taxonomy was assigned using Bowtie 2 with the 
Bayesian Least Common Ancestor (BCLA) method (Langmead & Salzberg 2012).  
78 
 
Final results tables were generated by modifying the output tables of reads per site 
sample for each taxon. First, the NCBI-based classification was converted to follow recent 
revision (Ruggiero et al. 2015), which produced more complete taxonomic strings for estimating 
phylogenetic diversity at different taxonomic hierarchies. Samples were decontaminated by 
removing any taxa found in 3 or more reads in the PCR negatives, and extraction blanks. Lastly, 
taxa only present in one or two reads total across all samples were also removed.  
The final ASV tables and metadata were converted to Phyloseq objects (McMurdie & 
Holmes 2013), which merges the taxonomy data with the measured variables for community 
analysis. After assessing the unrarefied data, sample “U7” was removed from the data set as an 
outlier (see S.1 ‘Taxon Accumulation Curve”) making sample size for unflushed 9 and flushed 
10 for subsequent analysis. Data were then normalized by rarefying samples to retain 2437 reads 
each, and a new object summarized to taxonomic family was created. OTU (operational 
taxonomic unit) tables were extracted to identify the most abundant (defined here as >1000 total 
OTU’s) families between treatments and visualize differences. A dominance test, using function 
“dominant”, was used to determine the most dominant family in each sample. Alpha (species) 
diversity of the microbial community families was assessed using the Shannon Index, and 
analyzed with a 1-factor ANOVA. Beta diversity, which accounts for treatment differences of 
the communities, was assessed with a principal coordinate analysis (PCoA) using the Bray-
Curtis distance index and analyzed with a PERMANOVA. A constrained analysis of principal 
coordinates (CAP) was also conducted to observe how our measured variables contributed to the 
community structure between treatments; the model and variable significance was analyzed 
using function “anova”. These analyses were conducted in RStudio v. 3.5.1 using packages: 
dplyr, ranacapa, phyloseq, vegan, microbiome, and, ggplot2. 
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RESULTS  
In the unflushed treatment, Ulva spp. lost its color by week 2, while the Ulva spp. in the 
flushed treatment remained intact in week 2 (Fig. 3.1). However, the effects of flushing were 
reduced by week 3 as both treatments had greater cover of decomposing than alive macroalgae 
with no significant differences between treatments (unflushed: 98.8% ± 0.85 SE, flushed: 89.4% 
± 4.5 SE, T-test, p = 0.07).  
 The initial conditions of the water added to each mesocosm were: pH (8.08), TA (3.84 
mEq L-1), PO4
3- (2.62 µM), and NH4
+ (0.04 µM). Average pH increased between week 1 and 2 in 
the mesocosms, but as the macroalgae started to decompose between week 2 and 3, average pH 
decreased regardless of flushing treatment (LME, p = 0.001 for time). TA increased over time in 
both treatments (Fig. 3.2B). However, increased TA was mediated by flushing as TA did not 
change significantly between weeks 2 and 3 in the flushed treatment, but rapidly increased in the 
unflushed treatment over this same period, resulting in a significant interaction (LME, p = 0.005 
for time*treatment). PO4
3- increased from week 1 to 3 in the unflushed treatment but remained 
statistically similar in the flushed treatment (Fig. 3.2C); as the accumulation of PO4
3- was 
impacted by flushing, this resulted in a significant interaction (LME, p < 0.0001 for 
time*treatment). 
 Overall, NH4
+ concentration increased during week 2 then decreased in week 3 (Fig. 
3.2D, LME, p < 0.0001 for time) and was not affected by treatment. The daily fluxes for these 
nutrients showed large differences, however, with 0.06 mmol m-2 d-1 (± 0.02 SE) of NH4
+ fluxing 
from the flushed treatments and only 0.0003 mmol m-2 d-1 (± 4.2 E-05 SE) of NH4
+ from 
unflushed treatments.  Similarly, 0.11 mmol m-2 d-1 (± 0.01 SE) of PO4
3- was fluxing daily from 
the flushed while 0.012 mmol m-2 d-1 (± 0.003 SE) of PO4
3- from the unflushed mesocosms.  
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Sediment porewater characteristics did not differ between flushing treatments (T-test, p > 
0.05 for all comparisons); the grand mean for TA was 9.42 mEq L-1 (± 0.87 SE), for PO4
3- 21.5 
µM (± 4.01 SE), and NH4
+ 23.84 µM (± 3.24 SE). Sediment organic content was also similar 
between treatments (T-test, p > 0.05); grand mean 4.47% (± 0.40 SE). Sand comprised the 
largest percentage of sediment grain size for both flushed (82.5% ± 1.91 SE) and unflushed (90. 
3% ± 1.95 SE) and was different between treatments (T-test, p = 0.01), although this was likely 
due to random chance during collection.  
We identified 234 families of bacteria and archaea in our samples, with 14 families 
comprising the most abundant (>1000 total reads) members of the community (Fig. 3.3). The 
family Marinilabiliaceae dominated the community in the flushed treatment while 
Halobacteroidaceae dominated the bacterial community in the unflushed treatment. There was no 
difference in the microbial community alpha diversity between treatments (p > 0.5). However, 
beta diversity was different between treatments (p = 0.002) with the flushed and unflushed 
replicates separating despite some overlap (Fig. 3.4). Porewater PO4
3- and TA, water column 
NH4
+, and pH were associated with the flushed community structure, while water column PO4
3-
and TA, porewater NH4
+, grain size, and organic content were associated with the composition 
of the unflushed community (Fig. 3.5).  
 
DISCUSSION 
Alterations in Biogeochemical Processes 
 Our results demonstrate that the initial phase of decomposition of macroalgal blooms 
drives a series of short-term changes in biogeochemical processes, which may occur in shallow 
coastal estuaries that are either open or closed to tidal flushing. In the short term, pH increased, 
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likely due to the uptake of CO2 during photosynthesis. Excess production of labile organic matter 
subsequently fueled ammonification, which produced a pulsed supply of NH4
+ to the water 
column. Our findings support other mesocosm and field studies that have documented 
‘basification’ (Björk et al. 2004; Middelboe & Hansen 2007; Krause-Jensen 2015; Wahl et al. 
2018) and NH4
+ fluxing (Viaroli et al. 1996; García -Robledo et al. 2011; Robertson & Savage 
2018; Moore et al. in prep) as cascading effects of macroalgal blooms.  
Due to the ability of Ulva spp. to utilize HCO3
_
 dehydrated to CO2 for photosynthesis 
(Björk et al. 2004), basification will be promoted in large blooms as the excess hydroxide (OH
_
) 
from this reaction is transported outward and increases pH. For example, combined field and 
mesocosm experiments found Ulva intestinalis was capable of driving pH above 10 during 
growth phases with high rates of photosynthesis and thereby reduced the surrounding macroalgal 
diversity (Björk et al. 2004). Also, as Ulva spp. can store N in excess of growth requirements, 
ammonification onsets rapidly during decomposition due to the algae's high N:C ratio (reviewed 
in Herbert 1999). For example, one mesocosm experiment found ammonification rate increased 
from 4.4 μM m−2 d−1 to 25.3 μM m−2 d−1 in the presence of decomposing Ulva spp. (García -
Robledo et al. 2011). While the responses in our study were not as dramatic as those found 
during rapid growth of Ulva spp., they still drove significant short-term changes in 
biogeochemical processes. 
These short-term responses to eutrophication appear to have conflicting outcomes at the 
level of the ecosystem, as basification can mitigate ocean acidification (Peach et al. 2017; Wahl 
et al. 2018) but also can decrease biodiversity (Björk et al. 2004; Flynn et al. 2015). Further, 
while ammonification increases utilizable N supplies (Herbert 1999), it also sustains blooms 
(Nędzarek & Rakusa-Suszczewski 2004). It is possible that the flux of NH4+ from the sediment 
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to the water column in our mesocosms was stimulated by flushing maintaining a strong diffusive 
gradient and promoting nutrient release. The increased NH4
+ did not maintain algal growth, 
however, because it fluxed to the water column and was removed during flushing. While limiting 
sustained algal blooms in the estuary, export of this high nutrient water has the potential to create 
eutrophication in the coastal ocean. In contrast, in the unflushed mesocosms the NH4
+ flux was 
much lower and likely remained in the sediment due to decomposition processes of the algal 
organic matter. Overall, as these transient, dynamical changes in biogeochemical processes that 
occur during the initial decomposition of macroalgal blooms appear to have both costs and 
benefits that may be stimulated by flushing, it is critical to continue to explore their ecosystem 
impacts. 
 Our results also show that, as macroalgal blooms senescence, decomposition drives 
another suite of changes in biogeochemical processes that may also be similar in systems open or 
closed to tidal flushing, including decreases in pH. This finding supports other studies that have 
documented ‘acidification’ due to microbial aerobic respiration of algal organic matter (Sunda & 
Cai 2012; Melzner et al. 2013; Wallace et al. 2014; Moore et al. in prep), although these studies 
have mainly been on phytoplankton blooms. Here, we show blooms of Ulva can have these same 
effects, albeit the acidification was modest in our experiment.  
The potential for Ulva to cause acidification is likely due to its high nutrient content, 
rapid microbial decomposition (Herbert 1999), and associated microbial mineralization of 
organic matter (García-Robledo et al. 2008). The pH decrease measured here was probably less 
than seen during phytoplankton blooms because phytoplankton organic matter is generally 
degraded aerobically in the water column (Sunda & Cai 2012; Wallace et al. 2014), which is 
likely different for macroalgal blooms, particularly in shallow estuaries, if degradation is 
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primarily in the sediment. For example, in the sediment anaerobic degradation would increase 
pH (Carmouze 1986) and in excess (i.e., during bloom decomposition) counterbalance pH 
decreases by aerobic degradation. However, we did measure a slight pH decrease, which 
suggests that the bloom may have altered other biogeochemical processes that also contributed to 
the acidification observed although not measured here (but see Moore et al. in prep).  
Decomposition of the macroalgal bloom was also accompanied by increases in TA and 
PO4
3-. This finding supports anaerobic degradation of the macroalgal bloom as increased TA has 
been linked to anaerobic mineralization of organic matter (Frankignoulle et al. 1996; Gaspar et 
al. 2018). This process likely explains the responses measured in our experiment as well, as 
labile organic matter from Ulva blooms stimulated remineralization processes. In addition, 
remineralization of algal organic P likely released PO4
3- (Paytan & McLaughlin 2007); again, as 
Ulva spp. are nutrient-rich, this flux of PO4
3- could reach levels higher than seen during 
phytoplankton blooms.  
These cascading effects of the decomposition phase of macroalgal blooms also have 
differing effects at the ecosystem level as acidification is harmful to calcifying organisms 
(Russell 2009; Hofmann & Bischof 2014) but can promote primary productivity (Jansson et al., 
2012; Koch et al., 2013). Further, increases in TA result in a higher buffering capacity 
(Carmouze 1986), which may alleviate atmospheric CO2 stress, yet increases in PO4
3- sustain 
eutrophication with a positive feedback loop (Rabalais et al. 2009; Moore & Cuker 2018). 
Ultimately our work suggests that macroalgal blooms have the potential to be the cause of, yet 
may also offer a partial solution to, global ecological changes to biogeochemical processes.  
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Differences in Microbial Diversity 
A diverse and complex microbial community likely mediated the changes in 
biogeochemical processes that occurred during the decomposition phase of the macroalgal bloom 
in our experiment; however, tidal flushing influenced microbial community diversity and 
potentially the overall microbially-mediated changes in biogeochemical processes. For example, 
Bacteroidetes of the Marinilabiliaceae family, which dominated the community in the flushed 
mesocosms, have been found in marine sediments globally (Liu et al. 2015; Wu et al. 2016; 
Smith et al. 2017) and specifically in mud containing decayed algae (Ludwig et al. 2015). While 
Firmicutes of the Halobacteroidaceae family, which dominated the community in the mesocosms 
simulating closed estuaries, have also been isolated in marine sediment, they are only found 
when sediments are anoxic (Oren 2014).  
Genera of the Marinilabiliaceae family are facultative anaerobes that switch between 
aerobic respiration to fermentation in the absence of oxygen (Yang et al. 2014). Therefore, the 
presence of Marinilabiliaceae suggests that aerobic respiration could have led to the subsequent 
decrease in pH in the flushed treatment. One study found Bacteroidetes to account for 60% of the 
bacterial community involved in phytoplankton bloom degradation (Smith et al. 2015), and a 
follow-up study found Marinilabiliaceae exclusively in the sediment coinciding with 
phytoplankton bloom deposition (Smith et al. 2017), although they did not measure pH. Further, 
increased flushing likely promoted microbial degradation activity supporting the higher fluxes of 
nutrients measured in the flushed treatment.  
In contrast, the presence of Halobacteroidaceae, obligate anaerobes with fermentative or 
homoacetogenic metabolism (Oren 2014), implies that anaerobic processes were dominant and 
further explains why the decrease in pH measured may not have been as high as observed during 
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decomposition of phytoplankton blooms. The dominance of these halophilic bacteria also 
suggests that the lack of flushing caused the mesocosms to become hypersaline. Although we did 
not measure salinity, we did observe water loss due to evaporation, which is a byproduct of the 
lack of flushing that can cause closed estuaries to exceed 80 ppt in the summer (Fong 1986). 
Further, genera of Halobacteroidaceae were found to be highly abundant in a hypersaline 
eutrophic soda lake and primarily involved in C degradation (Vavourakis et al. 2018). Thus, 
changes in the microbial community were impacted by flushing even though the presence of 
excess macroalgal organic matter in the sediment ultimately drove the same net results.  
 Contrary to our expectations, flushing was not enough to ameliorate the negative effects 
of the macroalgal bloom; rather, tidal flushing caused some transient differences in the rate at 
which biogeochemical processes changed and promoted increased fluxes of nutrients from the 
sediment. In addition, when focusing on the two microbial community dominants, the dominance 
of obligate anaerobic bacteria confirmed that the unflushed sediment was anoxic, a well-known 
symptom of eutrophication (Diaz 2001; Testa & Kemp 2012), while the flushed systems may 
have remained oxygenated to a degree. Thus, macroalgal blooms and the subsequent 
decomposition processes, aerobic or anerobic, shift the structure of the sediment microbial 
community that mediates its decomposition. Our results suggest that increased tidal flushing may 
not be a universal panacea for eutrophication and may ultimately promote algal blooms with 
increased nutrient fluxing.  
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FIGURES 
Figure 3.1. Observations of Ulva spp. over a time series in randomly selected flushed and 
unflushed units. 
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Figure 3.2. Weekly water column measurements. A) pH B) total alkalinity (TA) C) 
orthophosphate (PO4
3-) D) ammonium (NH4
+); with Tukey post hoc results. Bars are means ± 
SE. 
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Figure 3.3. Most abundant (>1000 total OTU’s) family’s composition of the microbial 
community for each replicate. 
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Figure 3.4. Principal Coordinate Analysis (PCoA) ordination of beta diversity of microbial 
families; flushed (blue), unflushed (grey). Unflushed n = 9.  
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Figure 3.5. Constrained Analysis of Principal Coordinates (CAP) plot; flushed (blue), unflushed 
(grey). *indicates significance. Unflushed n = 5.  
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SUPPLEMENTARY MATERIALS 
 
Figure S3.1. Taxon Accumulation Plot. Species richness for all samples. “U7” (lowest pink line) 
was removed for subsequent community analysis. 
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